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Bacterial sporulation: A question of commitment?
Craig Stephens
Starved Bacillus subtilis cells monitor environmental
conditions and intracellular events before committing
to sporulation. The precise identity of the sporulation-
inducing signals is an open question, but recent results
suggest strategies by which Bacillus integrates diverse
signals in the decision-making process.
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Like people, cells usually deliberate very carefully before
committing to dramatic changes in their lifestyle. The soil
bacterium Bacillus subtilis can form endospores — small,
metabolically dormant cells that are remarkably resistant
to heat, desiccation, radiation and chemical insult — in
response to nutrient starvation. The process of endospore
formation has profound morphological and physiological
consequences: radical post-replicative remodelling of two
progeny cells, accompanied eventually by cessation of
metabolic activity in one daughter cell (the spore) and
death by lysis of the other (the ‘mother cell’). Studies on
the regulation of sporulation are providing us with insight
into how a free-living cell weighs its options before com-
mitting to a developmental pathway. I shall focus on
recent work that has uncovered a regulatory strategy gov-
erning the initiation of sporulation that may have broad
implications for related signal transduction processes in
bacteria and eukaryotes [1].
Although Bacillus sporulation is induced by starvation, the
sporulation developmental program is not initiated imme-
diately when growth slows due to nutrient limitation. A
variety of alternative responses can occur, including the
activation of flagellar motility to seek new food sources by
chemotaxis, the production of antibiotics to destroy com-
peting soil microbes, the secretion of hydrolytic enzymes
to scavenge extracellular proteins and polysaccharides, or
the induction of ‘competence’ for uptake of exogenous
DNA for consumption, with the occasional side-effect that
new genetic information is stably integrated. Sporulation
is the last-ditch response to starvation and is suppressed
until alternative responses prove inadequate. Even then,
certain conditions must be met. For example, high cell
density favors sporulation [2]. Bacillus cells also monitor
various internal conditions before initiating sporulation,
such as chromosome integrity, the state of chromosomal
replication, and the functioning of the Krebs cycle
(reviewed in [3]). These controls are presumably to ensure
that, once started, spore formation can be successfully
completed. Considerable work has gone into untangling
the web of regulatory networks induced as nutrient
limitation halts growth, prior to the commitment to
sporulation [3].
The initiation of sporulation ultimately depends on the
transcription factor Spo0A, the activity of which depends
on phosphorylation. Bacteria lack tyrosine and
serine/threonine kinases and the ‘kinase cascade’ path-
ways — such as the MAP kinase cascade — that are
central to eukaryotic signal transduction. Spo0A is a
typical ‘response-regulator’ component of the ‘two-com-
ponent’ signalling systems that are prevalent in bacteria.
Response regulators are phosphorylated on a highly con-
served aspartate residue by a cognate ‘sensor’ kinase.
The sensor kinases are referred to as histidine kinases
because their catalytic mechanism involves an initial
autophosphorylation (with ATP as phosphate donor) on a
conserved histidine residue in response to a perceived
signal. The phosphate is then transferred from the histi-
dine to the aspartate of its partner response-regulator,
which is usually (but not always) a transcription factor.
Genome sequence analysis of free-living bacteria such as
B. subtilis and Escherichia coli has found each organism to
have over 40 two-component signal transduction
systems. These systems are not unique to prokaryotes,
having been found recently in Saccharomyces cerevisiae,
Neurospora crassa and the plant Arabidopsis thaliana
(reviewed in [4]), and more prokaryotic and eukaryotic
examples will undoubtedly be uncovered by genome
analysis in the future.
Sporulation is not controlled by a simple two-component
system. Spo0A lies at the end of a series of inter-protein
phosphotransfer reactions, termed by its discoverers a
‘phosphorelay’ [5] (Figure 1). Spo0A receives its
phosphate from the Spo0B protein which, although it is
phosphorylated on a histidine residue, is unable to
autophosphorylate using ATP. Spo0B is simply an inter-
mediary, receiving its phosphate from the Spo0F protein,
which is in turn phosphorylated by one of two related his-
tidine kinases, KinA and KinB. KinA is probably respon-
sible for most of the phosphate entering the
phosphorelay [6], though the contribution of KinB may
surpass that of KinA under certain environmental condi-
tions; the two kinases may respond to different nutri-
tional indicators [7]. The fact that KinA is cytoplasmic,
whereas KinB is membrane-bound, may reflect these dif-
ferences in sensing. 
The only potential indicator of starvation that is clearly
linked to sporulation is a drop in intracellular GTP
concentration [8], but there is no evidence that either
kinase responds directly to GTP levels. A GTP-binding
protein, Obg, has been found to be necessary for both
growth and sporulation and has been postulated to link
sporulation to chromosome replication and the cell cycle
[9,10]. The affinity of Obg for GTP is such that it should
be saturated with GTP even under sporulation-inducing
conditions (J. Hoch, personal communication), so it seems
unlikely to act as a simple GTP-sensing switch, but the
precise function of Obg is still under investigation. 
Given the physiological conditions necessary to induce
sporulation, it is not surprising that regulation of phos-
phate flow through the phosphorelay is complex
(Figure 1). The primary control is presumably exerted at
the level of KinA/KinB kinase activity, but aspartyl
protein phosphatases also have a critical role. This tactic
is particularly effective because phosphate flow in the
phosphorelay is largely reversible; dephosphorylating
any of the components thus not only prevents new
Spo0A~P from being generated, but shifts the overall
equilibrium away from Spo0A~P to remove what is
already present, thereby blocking initiation. The Spo0E
phosphatase drains phosphate directly from Spo0A~P
[11], while the Rap family of phosphatases attack
Spo0F~P [12]. Rap phosphatase activity is controlled in a
complex fashion by starvation-induced pre-sporulation
responses, probably to hold off sporulation until it is
absolutely necessary [13].
With the aim of identifying potential inhibitors of sporula-
tion, Wang et al. [1] recently looked for genes that inter-
fered with sporulation when overexpressed on a
high-copy number plasmid vector. Using this system, they
identified a gene, kipI, that when expressed from a
plasmid reduced the sporulation rate of wild-type B. sub-
tilis about 35-fold, an effect similar to that seen in a
plasmid-free kinA null mutant. When added to the kinA
mutant strain, the plasmid-expressed kipI did not magnify
further the sporulation defect. This suggested that the
effect of increased levels of KipI is to nullify the sporula-
tion-inducing activity of KinA. A second gene, kipA, was
identified adjacent to kipI that counteracted the effect of
kipI on sporulation. When the intact kipA gene was
present on a plasmid with kipI, little reduction of sporula-
tion was observed. Furthermore, when kipA was present
alone on the plasmid, sporulation occurred more readily
than in the control wild-type strain.
If KipI were simply another phosphatase, targeting
KinA~P rather than Spo0F~P or SpoA~P, it would be
mildly interesting. Wang et al. [1] found, however, that
when purified KinA was allowed to undergo autophospho-
rylation, addition of KipI did not remove the phosphate.
Furthermore, KipI did not prevent phosphotransfer from
KinA~P to Spo0F, or from Spo0F~P back to KinA. Rather,
the effect of KipI was to block the initial autophosphoryla-
tion of KinA by ATP. Preliminary data suggest that KipI
does not act via KinA’s amino-terminal sensory input
domain, the domain thought to interpret intracellular con-
ditions and signal to the carboxy-terminal catalytic
domain. A mutant KinA in which the sensor domain was
removed retained sensitivity to KipI in vitro, implying that
KipI targets the catalytic domain directly. 
What controls the inhibitory activity of KipI in vivo? The
addition of KipA, which was shown to bind KipI, prevents
KipI from inhibiting KinA, consistent with the prediction
of the genetic data. The kipI and kipA genes are part of a
single transcription unit, expression of which is induced by
glucose and repressed by nitrogen sources such as ammo-
nium or glutamine. These reciprocal effects on operon
expression deepen the mystery of kip operon function, as
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Figure 1
The phosphorelay controlling initiation of sporulation in Bacillus
subtilis. The phosphorelay culminates in the activated transcription
factor Spo0A~P, which initiates the sporulation developmental
program. Regulatory inputs to the phosphorelay are described in the
text and are shown in the figure on the periphery of the phosphorelay,
with red arrows indicating sporulation inhibitory signals, and green
arrows indicating activating signals.
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both glucose and readily utilizable nitrogen sources
strongly inhibit sporulation. Assuming that coexpression of
the kipI and kipA genes results in stoichiometric protein
levels, which remains to be demonstrated, the KipI or
KipA proteins themselves must respond to an unidentified
regulatory signal. 
The Kip system may operate by a mechanism similar to
the ‘partner-switching’ that controls the next stage of
sporulation (reviewed in [14]). Spo0A~P induces expres-
sion of σF, SpoIIAA and SpoIIAB. The sigma factor σF is a
transcription factor necessary for early forespore gene
expression, while SpoIIAB acts as an ‘anti-sigma factor’
that binds and blocks σF activity. SpoIIAA can bind to
SpoIIAB and prevent its interaction with σF, thereby
allowing forespore gene activation. Which partner
SpoIIAB pairs with is the critical factor regulating fore-
spore development and is controlled by a combination of
morphological and physiological factors unique to the
forespore compartment. Additional experiments should
help determine whether KipI behaves analogously to
SpoIIAB, binding alternatively to KipA or KinA in
response to an intracellular signal.
Further characterization of the domain structure of KinA
and the binding site of KipI is in progress. The work to
this point supports a previously unrecognized mecha-
nism for feeding multiple signals into a two-component
signalling system — both through the usual sensory
domain, and by sensory domain-independent modulation
of the autophosphorylation reaction. What sort of molec-
ular or cellular imperative might prompt this complex
strategy for controlling KinA activity? It seems likely that
the necessity to integrate multiple physiological signals
— for example, carbon, nitrogen and phosphorus pool
sizes, chromosome replication and cell density — is
beyond the capacity of the KinA sensory domain. Impos-
ing additional regulation directly on the catalytic domain
may serve to increase the range of signals to which KinA
activity can respond. Indeed, any kinase in a two-compo-
nent system could potentially be made sensitive to mul-
tiple signals through such a strategy. Blocking
autophosphorylation of KinA under conditions where
sporulation is inappropriate certainly seems a sensible
approach compared to downstream dephosphorylation of
other relay components, which essentially wastes ATP
(though phosphatases do have a critical regulatory role in
the system).
The Bacillus sporulation phosphorelay is not unique, as the
basic phosphorelay theme — that is, passage of the phos-
phate through multiple transmitter and receiver domains
prior to its arrival at the terminal response regulator — has
now been identified in other contexts, including the regu-
lation of virulence in Bordetella pertussis and osmolarity
sensing/response by the yeast S. cerevisiae (reviewed in [4]).
The common property of these systems seems to be the
necessity to integrate multiple signal inputs, and it would
not be at all surprising to find that phosphate flux through
these relays is modulated by KipI/KipA equivalents (as
well as phosphatases).
Finally, the KipI story provides a cautionary tale for
genomics research. The nucleotide sequence of the kip
operon was initially determined as part of the B. subtilis
genome project [15]. As a result of a single base error, kipI
and kipA were combined in one coding region. More sig-
nificantly, sequence analysis by database comparison pre-
dicted that the kipI/kipA composite gene encoded the
enzyme ureamidolyase, on the basis of a relatively weak
similarity to the S. cerevisiae enzyme. While it is certainly
possible that KipI/KipA evolved from such an enzyme,
Wang et al. [1] found no evidence for ureamidolyase or
related catalytic activities in either KipI or KipA, although
other nearby genes may be involved in a nitrogen acquisi-
tion pathway. The conclusion? Despite the explosive rate
at which sequence databases are growing, and the con-
comitant increase in computing power available for sifting
through them, sequence gazing alone cannot predict with
confidence the precise functions of the multitude of
coding regions in even a simple genome! Experimental
analysis of gene function is still critical, a thought that
brings with it the realization that the era of genomic analy-
sis represents a new beginning, not the beginning of the
end, for experimental biology.
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